For visual pigments, a covalent bond between the ligand (11-cisretinal) and receptor (opsin) is crucial to spectral tuning and photoactivation. All photoreceptors have retinal bound via a Schiff base (SB) linkage, but only UV-sensitive cone pigments have this moiety unprotonated in the dark. We investigated the dynamics of mouse UV (MUV) photoactivation, focusing on SB protonation and the functional role of a highly conserved acidic residue (E108) in the third transmembrane helix. On illumination, wild-type MUV undergoes a series of conformational changes, batho 3 lumi 3 meta I, finally forming the active intermediate meta II. During the dark reactions, the SB becomes protonated transiently. In contrast, the MUV-E108Q mutant formed significantly less batho that did not decay through a protonated lumi. Rather, a transition to meta I occurred above Ϸ240 K, with a remarkable red shift ( max Ϸ 520 nm) accompanying SB protonation. The MUV-E108Q meta I 3 meta II transition appeared normal but the MUV-E108Q meta II decay to opsin and free retinal was dramatically delayed, resulting in increased transducin activation. These results suggest that there are two proton donors during the activation of UV pigments, the primary counterion E108 necessary for protonation of the SB during lumi formation and a second one necessary for protonation of meta I. Inactivation of meta II in SWS1 cone pigments is regulated by the primary counterion. Computational studies suggest that UV pigments adopt a switch to a more distant counterion, E176, during the lumi to meta I transition. The findings with MUV are in close analogy to rhodopsin and provides further support for the importance of the counterion switch in the photoactivation of both rod and cone visual pigments. V isual pigments are seven transmembrane ␣-helical proteins that initiate the light transduction pathway in retinal photoreceptors. Whereas other G protein-coupled receptors interact with their ligands noncovalently, the visual pigments consist of 11-cis-retinal covalently attached to the apoprotein via a Schiff base (SB) linkage to a conserved lysine in transmembrane helix 7 (TM7) (Fig. 1) . After absorption of light, the retinal chromophore isomerizes to the all-trans conformation and triggers a series of conformational changes that lead to the formation of the active state, R* or meta II. All-trans-retinal is eventually released from the vertebrate apoprotein, and the visual pigment can be regenerated with 11-cis-retinal.
For visual pigments, a covalent bond between the ligand (11-cisretinal) and receptor (opsin) is crucial to spectral tuning and photoactivation. All photoreceptors have retinal bound via a Schiff base (SB) linkage, but only UV-sensitive cone pigments have this moiety unprotonated in the dark. We investigated the dynamics of mouse UV (MUV) photoactivation, focusing on SB protonation and the functional role of a highly conserved acidic residue (E108) in the third transmembrane helix. On illumination, wild-type MUV undergoes a series of conformational changes, batho 3 lumi 3 meta I, finally forming the active intermediate meta II. During the dark reactions, the SB becomes protonated transiently. In contrast, the MUV-E108Q mutant formed significantly less batho that did not decay through a protonated lumi. Rather, a transition to meta I occurred above Ϸ240 K, with a remarkable red shift ( max Ϸ 520 nm) accompanying SB protonation. The MUV-E108Q meta I 3 meta II transition appeared normal but the MUV-E108Q meta II decay to opsin and free retinal was dramatically delayed, resulting in increased transducin activation. These results suggest that there are two proton donors during the activation of UV pigments, the primary counterion E108 necessary for protonation of the SB during lumi formation and a second one necessary for protonation of meta I. Inactivation of meta II in SWS1 cone pigments is regulated by the primary counterion. Computational studies suggest that UV pigments adopt a switch to a more distant counterion, E176, during the lumi to meta I transition. The findings with MUV are in close analogy to rhodopsin and provides further support for the importance of the counterion switch in the photoactivation of both rod and cone visual pigments. V isual pigments are seven transmembrane ␣-helical proteins that initiate the light transduction pathway in retinal photoreceptors. Whereas other G protein-coupled receptors interact with their ligands noncovalently, the visual pigments consist of 11-cis-retinal covalently attached to the apoprotein via a Schiff base (SB) linkage to a conserved lysine in transmembrane helix 7 (TM7) (Fig. 1) . After absorption of light, the retinal chromophore isomerizes to the all-trans conformation and triggers a series of conformational changes that lead to the formation of the active state, R* or meta II. All-trans-retinal is eventually released from the vertebrate apoprotein, and the visual pigment can be regenerated with 11-cis-retinal.
In dark-adapted rhodopsin, the SB pK a is extraordinarily high resulting in a protonated SB buried within the chromophore binding site (1) . The protonation is important to prevent the spontaneous hydrolysis of the SB and contributes to the max (2, 3) . The binding site of rhodopsin is neutral (4), and E113 serves as a counterion to the protonated SB (5) (6) (7) (8) . The stability of the salt bridge is enhanced by a single water molecule that interacts with the side chains of E113 and indirectly through a second water molecule that interacts with adjacent residues (9, 10) . The SB pK a decreases to Ϸ6 in meta I and meta II (3). The deprotonation of the SB and apparent protonation of E113 on formation of meta II accompany the structural changes that allow interactions with transducin (11) . The counterion is not necessary for SB protonation in rhodopsin, because mutants with neutral amino acid substitutions can be protonated by lowering the pH. Rather, the counterion is important for determining the SB pK a . Flash photolysis studies have shown that E113 is necessary for efficient deprotonation of the SB (12) . Mutations in E113 lead to proteins that are able to activate transducin in the absence of the chromophore, suggesting that the counterion plays an important role in deactivation of R* (13) .
Much less is known about the chromophore-protein interactions in cone pigments, which also have an acidic residue equivalent to RHO-E113. The Xenopus SWS1 cone pigment (VCOP, max Ϸ 427 nm) has a protonated SB in the dark and remains so until formation of the active species (14) (15) (16) . Neutralizing the conserved acidic residue (D108) in TM3 converts the violet-sensitive pigment into a UV-sensitive pigment ( max Ϸ 353 nm), consistent with a drop in the pK a and deprotonation of the SB (16) . The VCOP-D108A mutant does not activate transducin in the dark but has a significantly prolonged R* lifetime. These data suggest that the counterion is necessary for the rapid production and decay of the active meta II in the SWS1 pigments.
The dark-adapted mouse SWS1 (MUV) visual pigment absorbs maximally in the UV ( max Ϸ 357 nm). Fourier transform infrared (FTIR) spectroscopic studies indicate that the darkadapted form of the MUV pigment has an unprotonated SB (17) . Thus, the sensitivity to UV light is accomplished by changing the pK a of the SB. Even though the MUV SB is neutral, there is still an acidic residue at the conserved position in TM3. Molecular modeling calculations predict that the conserved acidic residue is hydrogen bonded to the SB nitrogen in an arrangement similar to the binding site of rhodopsin but with the proton attached to the glutamic acid residue (14) .
The photoactivation of MUV is remarkable in that the retinylidene SB is protonated during the formation of lumi and meta I (17) . Subsequently, during the formation of the active species, meta II, the SB reverts to the unprotonated state. In this report, we investigate the role of the conserved counterion in TM3 in the photoactivation of the MUV visual pigment.
Materials and Methods
Preparation of Visual Pigments. Expression constructs and COS1 cell transfections were described previously (16) . MUV samples had A 357 Ϸ 0.3-0.4 with an A 280 ͞A max ratio of Ϸ4, and the E108Q mutant had A 354 Ϸ 0.3-0.4 and an A 280 ͞A max ratio of Ϸ4.5.
Spectroscopy. Cryogenic. Low-temperature spectroscopy was performed as described (14, 17) . Spectra of visual pigment samples (A max Ϸ 0.1) were collected in a solution containing 67% glycerol in buffer A (50 mM Hepes, pH 6.6͞140 mM NaCl͞3 mM MgCl 2 ͞0.05% N-dodecyl-␤-D-maltoside). The spectra shown are the averages of four separate scans at each temperature, normalized to the absorbance at max of the initial dark sample. For studies below 230 K, samples were equilibrated at a specific temperature and then cooled to 75 K for spectra collection to avoid potential cryogenic artifacts. Spectra above 230 K were collected at the indicated temperature. Retinal oximes were extracted and analyzed as reported (17) . Acid denaturation. The E108Q pigment in buffer A was illuminated for 1 min at 22°C and subsequently acid-denatured by lowering the pH to 1.8. The experiments were performed under three different conditions: (i) buffer A; (ii) buffer B (10 mM Tris acetate, pH 7.0͞100 mM NaCl͞5 mM MgCl 2 ͞5 mM 2-mercaptoethanol͞0.01% N-dodecyl-␤-D-maltoside), equivalent to transducin assay buffer minus GTP␥S; and (iii) buffer C (buffer A containing 5 mM 2-mercaptoethanol).
Transducin Activation Assays. Light-dependent activation of bovine transducin by using filter binding assays were carried out as described (16, 18) .
Molecular Modeling. The conformational and spectroscopic properties of MUV were investigated by using MOZYME͞PM3 (19, 20) , as implemented within MOPAC 2000 and MNDO-PSDCI (21, 22) theory. Calculations were based on the homology model of MUV reported in ref. 17 , and unless noted otherwise, the backbone atoms in the transmembrane helices and the EII loop were fixed at the corresponding rhodopsin coordinates. Additional details of the modeling methods and results, as well as additional data on MUV-E108Q relating to the biochemical, photophysical, and spectroscopic properties of the photobleaching sequence, are provided in Supporting Methods, which is published as supporting information on the PNAS web site.
Results

Formation of the Early MUV-E108Q Mutant Intermediates.
Altering the conserved acidic residue in TM3 in MUV to a neutral residue (E108Q) causes a small blue shift in the max at room temperature, from 357 nm in MUV to 354 nm in MUV-E108Q. On cooling MUV-E108Q to 75 K, the absorbance spectrum exhibited a 6-nm red shift ( max Ϸ 360 nm). The MUV-E108Q pigment was illuminated with light at 305 nm (Ϸ1 h) to produce a photostationary state (PSS305) ( Fig. 2 and Fig. 7 , which is published as supporting information on the PNAS web site). The PSS305 generated had a slightly red-shifted absorption maximum accompanied by a significant decrease of the protein band at Ϸ280 nm (Figs. 2 and 7D). Retinal oxime extractions revealed the isomeric mixture of the PSS305 of E108Q at 75 K as 68% 11-cis, 32% all-trans, and Ͻ1% 9-cis, significantly less all-trans and 9-cis than the MUV PSS305 (20% 11-cis, 72% all-trans, and 8% 9-cis), and PSS305 generated at 243 K (11% 11-cis, 83% all-trans, and 5% 9-cis, Ϯ2%).
In contrast to wild-type MUV, raising the temperature of the MUV-E108Q PSS305 to 220 K does not result in any further spectral shift toward longer wavelengths. In fact, the PSS305 exhibits a spectral shift toward shorter wavelengths when warmed to 120 K and above ( Fig. 2 and Fig. 8 A and B , which is published as supporting information on the PNAS web site). The aromatic region showed a decrease in absorbance as the temperature increased from 100 to 160 K. The absorbance recovered to that in the dark state by 200 K (Figs. 1B and 8) .
RHO-E113Q exhibits a pH-dependent absorbance profile: at pH 8, the protein has max Ϸ 390 nm at 75 K, indicating that the SB is unprotonated. On illumination at 340 nm, a slightly blue-shifted (compared to the dark) photostationary state (PSS340) is formed, reminiscent of the results of the E108Q mutant (Fig. 9A , which is published as supporting information on the PNAS web site). The PSS of the RHO-E113Q mutant at low pH, with a protonated SB, exhibits a pronounced red shift similar to that of MUV (Fig. 9B) .
Formation of the Later MUV-E108Q Mutant
Intermediates. The MUV-E108Q mutant has an absorption maximum at 350 nm at 243 K, identical to that at room temperature (Fig. 3) . Illumina- Fig. 1 . The primary sequence of MUV (A, cytoplasmic side up) and a similarity-based model of the MUV binding site, with selected atoms of the retinal chromophore numbered (B, extracellular side up). The secondary structure elements (e.g., transmembrane segments) shown are based on the crystal structure of bovine rhodopsin. The five amino acids shown in larger yellow circles correspond to S85 in TM2; E108 in TM3, at the same position as the rhodopsin counterion (E113); E176 and S181 in ␤-strands 3 and 4 (EII, extracellular loop 2), respectively; and K291 in TM7, the retinal binding site (K296 in rhodopsin).
tion caused the formation of a max Ϸ 520 nm absorbing meta I ( Fig. 2 and Fig. 10A , which is published as supporting information on the PNAS web site) instead of Ϸ490 nm in wild-type MUV. On gradual warming, the MUV-E108Q PSS330 converts to a species that has an absorption maximum at Ϸ350 nm, similar to that of the dark state but slightly blue-shifted compared to wild-type meta II (Figs. 2 and 10C) .
Derivation of the Spectra of MUV Intermediates. Spectra of the pure intermediates were calculated by deconvolution using the HPLC results to assign the isomeric composition of PSS (Fig. 3) and assuming that the amount of the dark (11-cis) and the light (11-cis, all-trans, and 9-cis) states remained constant during the temperature ramping experiments. The spectral refinements for MUV-E108Q have a lower signal-to-noise ratio than wild type (17) because of the lower product yield. In contrast to the wild-type MUV, a lumi intermediate is not detected in E108Q. Meta I has a significantly red-shifted absorption compared to the wild-type intermediate. The absorption band of MUV-E108Q meta I shows evidence of an underlying feature at Ϸ430 nm, which had the same temperature-dependent formation and decay as the main meta I band (Fig. 2D) . The meta II max (Ϸ350 nm) indicates that the active intermediate has an unprotonated SB, as observed in other visual pigments.
Decay of the Active (Meta II) State of MUV-E108Q. The stability of E108Q meta II was determined by using an acid trapping assay.
Pigments were illuminated to compare meta II stability under conditions used for spectroscopy and for biochemical assays. Most of the chromophore absorbance ( max Ϸ 354 nm in the dark) shifted to max Ϸ 440 nm when the pH of illuminated samples was lowered to 1.8, even when pigments were incubated for 30 min at room temperature (Fig. 11 , which is published as supporting information on the PNAS web site). These results show that very little free retinal was released. There was no difference in stability of the E108Q meta II in any of the buffers tested.
MUV and MUV-E108Q activated bovine transducin in a light-dependent manner (Fig. 4A) . Activity was affected by continuous illumination (data not shown). The initial rates of activation were much faster for MUV-E108Q (Ϸ168 mol GTP␥S exchanged per mol pigment per min) compared to wild type (Ϸ33 mol GTP␥S exchanged per mol pigment per min). The time course of transducin activation was monophasic for MUV, completing in Ͻ20 sec. MUV-E108Q had biphasic kinetics, with the initial having the same time course as wild type, albeit with a higher efficiency and a slow phase extended for several minutes.
The MUV meta II state at 22°C decayed extremely fast (t 1/2 Ͻ 30 sec) (Fig. 4B) . Reducing the temperature did not slow down the decay of meta II significantly (data not shown). In contrast, MUV-E108Q had a slower meta II decay (t 1/2 Ϸ 6 min) (Fig. 4B) . As seen in the acid-denaturation experiments, the stability of the meta II state of MUV-E108Q was enhanced, although the two assays differed in the magnitude of the effect. 
Discussion
Structural Properties of the lumi and meta I Intermediates. The early portion of the MUV photoactivation pathway appears relatively intact in the MUV-E108Q mutant, although there are several distinct changes. E108Q forms a batho intermediate at 75 K that is slightly blue-shifted compared to wild type. The steady-state batho level (Ϸ32% all-trans-retinal) is significantly less than in wild type (Ϸ72% all-trans-retinal). This most likely reflects a more efficient reverse photochemical reaction in the mutant, as observed in the rhodopsin E113Q mutant (12) . The minor changes in dark 3 batho spectra between the wild-type and E108Q mutant support the view that the batho shift is primarily due to conformational rather than electrostatic interactions with the chromophore (17) . Presumably, the MUV batho intermediate has a twisted all-trans-retinal while the protein conformation remains the same as in the dark state, as in rhodopsin (23, 24) . For both MUV (17) and E108Q, batho converts to BLI, with an accompanying blue shift in the absorbance spectra. Again, the E108Q BLI max is blue-shifted compared to wild type. BLI appears analogous to the previously observed intermediate in chicken blue opsin (25) and BSI in rhodopsin (26) . However, there may be slight differences between the cone (BLI) and rod intermediates, because rhodopsin's BSI cannot be trapped at low temperature (26) .
The later steps in the photoactivation pathway are severely disturbed by the E108Q mutation. The batho or BLI intermediates do not decay to lumi above 180 K, as in wild type, but remain stable until Ϸ240 K. Apparently, placing a neutral residue at position 108 prevents stabilization of a protonated SB normally formed in wild-type lumi. The failure to form lumi in E108Q indicates that there may be a kinetic bottleneck, caused by the absence of a coordinated protonation of the chromophore and deprotonation of the counterion. The results presented here suggest the source of the proton is E108.
In addition to the change in pK a of the SB, there are structural changes that occur during MUV batho 3 lumi (17) . The protein movements can be detected in the relaxation in the aromatic region of the absorbance spectrum. The data shown in Fig. 2 indicate the same changes occur, both in max and magnitude, in E108Q as is the wild-type pigment (17) . This putative rearrangement of aromatic residue(s) during batho 3 lumi, perhaps involving TM3 and the SB environment in analogy to rhodopsin (27) (28) (29) (30) could change the SB environment͞pK a leading to protonation and a large red shift. Effectively, the chromophore and protein conformational changes on formation of lumi in MUV allow E108 to serve as a counterion. Results presented here suggest that the dark 3 lumi protein rearrangements occur, at least in part, in the E108Q mutant (Fig. 2) but that protonation of retinylidene SB does not.
The wild-type MUV meta I intermediate has a max (Ϸ490 nm) comparable to the meta I of other visual pigments, including rhodopsin, which has a protonated retinylidene SB (12) . In the E108Q pigment, the SB is unprotonated until meta I forms. What donates the proton in the E108Q meta I? One possibility is that it originates from solvent. Molecular models (Fig. 1) indicate that the SB is buried in the protein and probably not very accessible to solvent. Further, the energetics of lumi 3 meta I do not support protonation from solvent, because the lumi 3 meta Fig. 3 . The pure electronic spectra of the MUV-E108Q intermediates obtained via the decomposition of the temperature-trapped photostationary state spectra are shown in the corresponding panels labeled with the intermediate and temperature at which it is stabilized and the absorption maximum. The spectra and absorption maxima of the wild-type MUV intermediates are shown in gray. Note that the E108Q mutant does not produce any lumi intermediate, whereas MUV does. The absorption maxima are indicated in nanometers and are accurate to Ϯ2 nm.
Fig. 4. (A) Transducin activation by MUV and its counterion mutant, E108Q.
The reaction was illuminated for 1 min, and then aliquots were removed and assayed for GTP␥S bound to transducin. The solid lines represent the regression fit to the initial rate for each curve. (B) The decay of the active state of MUV and E108Q after illumination. The pigments were exposed to 1 min of illumination in the absence of transducin. Aliquots were added to transducin with a delay of 1-30 min and incubated for an additional 10 min in dark before assaying; a delay of 0 min was achieved by illuminating in the presence of transducin.
I transition would not be expected to display the observed temperature dependence. Rather, we propose that a second counterion present within the binding site donates a proton to the chromophore. We explore this idea in the next section. Secondary Counterion(s) in Mouse UV. We generated molecular models of wild-type MUV lumi and meta I retinal binding sites (Fig. 6) . As discussed below, only E176 provides a satisfactory secondary counterion based on the energetics and spectroscopic properties of MUV meta I.
The total energy of MUV meta I is lower in energy by 4 kcal⅐mol Ϫ1 compared to MUV lumi when the first shell (all residues) within 5.6 Å of the chromophore are included (note that Fig. 5 A and B only contain a subset of these residues). When the backbone is released and a partial minimization is carried out, the relative energy of the meta I state drops below the lumi state by 9 kcal⅐mol Ϫ1 after 10 iterations. The primary stabilization of the meta I state is associated with the presence of two tyrosine residues, Y187 and Y263, which interact with E176 through highly effective hydrogen bonding (Fig. 6) . The interactions of either of these residues with E176 were less stable in lumi. The estimated absorption maximum for both lumi and meta I are in qualitative agreement with the observed values (Fig. 5) . Quantitatively, however, the calculated absorption maxima are overestimated for lumi by 10 nm ( max calc ϭ 450 nm vs. max obsv ϭ 440 nm) and meta I by 60 nm ( max calc ϭ 580 nm vs. max obsv ϭ 520 nm). This discrepancy could arise from improper positioning of the SB relative to the secondary counterion. For example, a shift of the SB nitrogen toward E176 would preferentially stabilize the ground state relative to the strongly allowed 1 B u * ϩ -like ,* state and lead to a blue-shift max .
Compared to meta I from other visual pigments, both MUV and E108Q meta I absorption bands are anomalous in shape because of inhomogeneous broadening. This may come about because the protonation occurs later in the photobleaching sequence than in other visual pigments. The protein may not be able to equilibrate to the presence of a charged chromophore at low temperatures. Hence, multiple protein configurations having different electrostatic stabilization properties may be present. Additional discussion of the modeling results shown in Fig. 5 may be found in Supporting Methods.
Nature and Implications of the Counterion Switch. Our results provide additional perspective on the counterion switch mechanism proposed for rhodopsin activation (31) . It seems to us unlikely that nature would invoke a complicated SB 3 PSB(ϩ):E108(Ϫ) 3 PSB(ϩ):E176(Ϫ) 3 SB photoactivation sequence if it were not a key contributor to function. In fact, it appears that just such a mechanisms makes vision in the UV possible, because this activation strategy is operative for both protonated and unprotonated chromophores.
The model proposed by Yan et al. (31) assumes helix translocation during the dark reactions to form meta I such that the protonated SB moves toward E181. Previous studies have shown that there is significant motion as well as rotation of the transmembrane helices in meta II. In particular, movement of TM7, to which the chromophore is attached, is critical for coupling of the activated rhodopsin with transducin (32) (33) (34) (35) (36) . In addition, there is evidence of significant movement of the ␤-ionylidene ring preceding the formation of lumi (27) . There is no direct evidence concerning translocation of the SB toward the second counterion in MUV. However, the counterion switch is energetically favored whether the chromophore moves or stays fixed. The key amino acids acting in the proposed counterion switch (Fig. 6) are highly conserved in all of the visual pigments except M͞LWS (medium/long wavelength sensitive; see ref. 37 Ϫ -like states. The simulated chromophore spectra were generated assuming Gaussian profiles with full-widths at half-maxima of 4,000 cm Ϫ1 . Fig. 6 . Schematic diagram of the key molecular changes in the mouse UV binding site in the dark state, batho, lumi, and meta I states. The arrows in A and C indicate the key conformational or chemical changes associated with transformation of the dark state to batho and lumi to meta I. The chromophore geometry in the batho state is all-trans, but the conformational details regarding the single bonds remains unknown. The relative location of the residues is approximate and does not reflect possible movement during the thermal relaxations (see Discussion). Molecular orbital (MOZYME) calculations indicate that E176, when protonated (neutral), is freely rotating, and we use * to indicate that there are two tyrosine residues, Y187 and Y263, that alternate in hydrogen bonding to E176, depending on rotational state. Only in the meta I state do Y187 and Y263 both strongly hydrogen bond to E176 (D).
for discussion). The MUV-E108Q mutant has altered photoactivation properties compared to the wild-type MUV pigment, highlighting the importance of the electrostatic interaction between E108 and the SB of UV opsins. The role of these interactions also extend to the inactivation of R*. Further work is needed to elucidate how the primary counterion participates in the hydrolysis of the unprotonated SB. We observed a discrepancy in the stability of the meta II state determined by transducin (t 1/2 Ϸ 6 min) versus acid denaturation (t 1/2 Ͼ 30 min) assays. The difference could not be accounted for by differing buffer conditions (Fig. 11) . It is possible that interaction with transducin causes a conformational change making the SB more labile to hydrolysis.
Comments and Conclusions. We speculate that the protonation of the retinylidene SB linkage, the electrostatic interaction between the SB and the counterion, and the counterion switch that occurs during the photobleaching cascade are essential for the coordinated movement of helices as the protein becomes activated. This process ensures that the final active state, meta II, has the structural integrity necessary for transducin activation as well as rapid hydrolysis of the SB required for cone opsins. The SB becomes protonated in the lumi state through donation of a proton by E108, which takes on the secondary role of serving as a distant counterion to the protonated chromophore. Thus, the MUV-E108Q mutant does not form a lumi intermediate because glutamine cannot donate a proton. In the absence of the SB-counterion electrostatic interaction, the relative movement of the helices, especially TM3 and TM6, would take place in an uncoordinated fashion and, moreover, there would be no counterion-mediated protonation of the retinylidene SB during the batho to lumi transition. In addition, these studies support the importance of a counterion switch in the activation process of both the rhodopsins and the SWS1 cones. What remains to be understood is how the counterion switch mediates the structural changes that accompany formation of the meta II state.
